The seismic moment of the 1891 Nobi, Japan, earthquake has been evaluated from the historical seismogram recorded at the Central Meteorological Observatory in Tokyo. For this purpose, synthetic seismograms from point and finite source models with various fault parameters have been calculated by a discrete wave-number method, incorporating the instrumental response of the Gray-Milne-Ewing seismograph, and then compared with the original records. Our estimate of the seismic moment (M o ) is 1.8×10 20 N m corresponding to a moment magnitude (M w ) 7.5. This is significantly smaller than the previous estimates from the distribution of damage, but is consistent with that inferred from geological field survey (Matsuda, 1974) of the surface faults.
Introduction
The October 28, 1891 Nobi earthquake was the greatest inland earthquake ever experienced on the Japanese Islands. Its magnitude has been first estimated as 7.9 in Japan Meteorological Agency (JMA) scale (Japan Meteorological Agency, 1957) , and later re-estimated as about 8.0 (Muramatu, 1962) from the distribution of seismic intensities around the epicentral region. The seismic moment of this large event, however, has not been evaluated so far directly from seismic observations at that time. It had been reported (Gifu Observatory, 1894 ) that the great earthquake was recorded at five stations: Gifu Weather Observatory, Nagoya Weather Observatory, Osaka Weather Observatory, Central Meteorological Observatory (CMO) in Tokyo, and the Imperial University of Tokyo, by the Gray-Milne-Ewing type (GME) seismographs. Although the seismograms recorded at the first two stations have been used to infer the overall features of faulting process of this earthquake (Mikumo and Ando, 1976) , these records unfortunately went off scale at about 8.5 s at Gifu and at about 13.5 s at Nagoya after triggering. This saturation might be due to the arrival of large amplitude S-waves, and hence is not appropriate to estimate the total seismic moment.
We have been looking for old seismograms from the other three stations, as well as from then-existed worldwide stations, and we are now able to obtain the historical seismograms recorded at the CMO, by the courtesy of a personnel at the present Japan Meteorological Agency * . A direct estimate of seismic moment from these seismoCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. * The original record is stored at Tokyo District Meteorological Observatory, Japan Meteorological Agency, and can be accessed upon request.
grams would provide some constraints on the entire faulting process of this unusually great earthquake. In this article, we are making various calculations by applying a recent computational technique to evaluate the seismic moment and its corresponding moment magnitude. The results could be discussed along with another study on dynamic rupture propagation during this earthquake (Fukuyama and Mikumo, 2006) . Figure 1 shows the original, two horizontal-and a vertical-component seismograms from the 1891 earthquake, which had been recorded by the GME instrument at the CMO station. The mechanical seismograph has a pendulum of 2 kg-weight, a natural period of 3 seconds, and a magnification of 5-5.5 for the horizontal component and about 9-10 for the vertical component, respectively (Gifu Observatory, 1894) . In the present study, we assumed the amplification factor for horizontal components as 5. The damping factor is not well known, but estimated as about 0.1 due to friction between the pen-tip and a recording paper (Mikumo and Ando, 1976) . Since the recorded trace of the original seismograms were overlapped several times as shown in Fig. 1 , we first traced each waveform very carefully as shown in Fig. 2 . Then the traced original seismograms are digitized and corrected for curved traces for large amplitudes by estimating the arm-length of the recordingpen and the recorded offsets on a trial-and error-technique. The corrected seismograms are shown in Fig. 3. 
Data Processing

Calculations for Synthetic Seismograms
Now we calculate synthetic seismograms that would be observed at the CMO station in Tokyo, which is located at about 300 km east from the epicentral zone. The technique applied here is the discrete wave-number method by Saikia (1994) for a 1-D horizontally-layered crustal structure, which is routinely used for the determination of regional moment tensors in Japan (Fukuyama et al., 1998; Kubo et al., 2002) . The instrumental response of the GME seismograph is then incorporated to compare the calculated synthetics with the observed seismograms. (Matsuda, 1974) , and an assumed buried fault (dotted line) along the Gifu-Ichinomiya line (Mikumo and Ando, 1976) .
A point-source model
Since the detailed rupture propagation history is not well known for this earthquake, we first tried to calculate the synthetics using a point source model by searching for various parameters including the dip and strike angles in the faulting mechanism, focal depth, seismic moment, and instrumental constants. It is found that the assumed seismic moment is a most sensitive parameter in comparing the calculated synthetics with the waveform and amplitude of the original records. Figure 4 shows its comparison between the EWcomponent record and the synthetics for a tentative seismic moment of M o = 1.2 × 10 21 N m (M w = 8), with a focal depth of 7 km and a mechanism with (strike, dip, rake) = (N130
• E, 90
• , 100 • ). In this case, the location of the point source is tentatively taken at the center of the Neodani fault (Matsuda, 1974) as shown in Fig. 5 . Because the epicentral distance between the assumed source and the CMO station is about 300 km, which is not far enough as compared with the actual fault dimension of this earthquake (∼80 km), we believe it is essential to include a finite fault dimension into the calculation of the synthetic seismograms.
Geometry of the faults
The surface fault breaks appeared over 80 km long during this great earthquake, which have been traced initially by Koto (1893) and Omori (1900) , and later by Matsuda (1974) from detailed field surveys. Figure 6 shows these main fault traces based on Matsuda's survey, and Table 1 summarizes their length, strike, dip, rake and depth range (Fukuyama and Mikumo, 2006; modified from Mikumo and Ando, 1976) . The surface fault consists of three major segments: Nukumi (a-a ), Neodani (a -b-c), and Umehara (c-d) faults. In addition, a possible existence of a buried vertical fault (c-e), which is called the Gifu-Ichinomiya line, has been suggested from various data (e.g. Muramatu, 1963; Mikumo and Ando, 1976; Sugisaki and Shibata, 2003) . Recent numerical simulations of dynamic rupture propagation (Fukuyama and Mikumo, 2006 ) also suggest the existence of the buried fault. 3.3 Finite source models 3.3.1 Contribution from each fault segment In Fig.  5 and Table 1, the fault model for the computation of synthetic seismograms is shown, which is based on the model of Mikumo and Ando (1976) . The bottom depth of all the fault segments is assumed to be 15 km from micro-earthquake distribution around this area (Ooida et al., 1971) . We assume that the fault rupture initiated from the northwestern end (a in Fig. 5 ) of the Nukumi fault at a depth of 10 km and propagated radially with a constant velocity to the other faults. We do not consider the rupture time gap between the fault segments. The rupture starting point has been inferred from S-P times and a comparison between the recorded and calculated waveforms at the Gifu and Nagoya stations, and also from the predominant directions of strong ground motion at various sites (Mikumo and 
Ando, 1976).
Here we calculate the synthetic seismograms for two horizontal components at CMO based on the finite source model, taking into account the above information on the surface fault breaks and the buried fault. In the following computation, we tried to find suitable parameters of rupture velocity and seismic moment by a trial and error method in a forward modeling. We did not introduce an error function to evaluate the fit of synthetic waveforms but we judged by eyes to observe the fit of wave-train arrivals. This is because the error function is usually affected by the detailed phase difference, which we did not focus on in this analysis. In addition, since only one station was available for the estimation of these parameters, we assume that a constant rupture velocity and a uniform final slip on the fault and they are the same on all fault segments. We used a rise time of 2 seconds, which was insensitive to the synthetic seismogram because rather long period waveforms are dominated in the observed seismogram. Figure 7 shows the synthetic waveforms calculated for four different rupture velocities (V r ) ranging from 2.8 to 4.0 km/s with an assumed uniform slip of 3.3 m all over the fault segments (M w 7.5). The calculated synthetics for the case of V r = 3.6 km/s generates rather large-amplitude wave-train between 25 and 35 seconds, which appears generally consistent with the observed records given in the uppermost trace.
Effects of rupture velocity
This rupture velocity estimated here is rather fast, but this velocity is consistent with Fukuyama and Mikumo (2006) 's dynamic rupture simulation, where the rupture velocity becomes super-shear in order for the rupture to propagate along both branched fault segments. Mikumo and Ando (1976) estimated the rupture velocity of about 2.5 km/s, but they used the seismograms at Gifu and Nagoya in which only the initial part of the rupture (∼first 10 seconds) was recorded. Thus, the present estimate does not contradict to theirs. Recently, Nakano et al. (2007) re-analyzed the fault model of this earthquake to explain the leveling survey data across the fault. They estimated the seismic moment M o = 1.38 × 10 20 N m (M w = 7.4), which is consistent with our result. Figure 9 shows the contribution from each of the five fault segments to the synthetic seismogram, i.e. each seismogram is computed for the case when only the corresponding fault ruptures. From this figure we can see how the observed seismograms are composed, by looking at the different arrival times of wave train.
Seismic moment
The amplitude of each synthetic trace, except from segment c-d, appears to be proportional to the length of the segments (Table 1) , because we simply assume a uniform slip of 3.3 m on all the segments with a constant rupture velocity of 3.6 km/s. The difference between a -b and bc segments comes from the different fault rake (Table 1) . Larger amplitude from segment c-e comes from its larger length of 35 km, while somewhat smaller amplitude from segment c-d may be due to its different strike with respect to the wave path to Tokyo. It should be noted that the slip directions shown in Table 1 are assumed to be consistent with the result of Mikumo and Ando (1976) .
3.3.4 Possibility of rupture propagation on a buried fault along the Gifu-Ichinomiya line As have been discussed in the previous works (e.g. Muramatu, 1963; Mikumo and Ando, 1976; Fukuyama and Mikumo, 2006; Nakano et al., 2007) , it is probable that the rupture starting from the northwestern end (a) of the Nukumi fault branched off at point (c) and propagated along the Umehara fault (cd) and also along the buried fault (c-e). To examine further this possibility, we calculate the synthetic seismograms for two different cases with and without this buried fault segment.
From the comparison between the synthetics and observed records, as shown in Fig. 10 , it might be concluded that the rupture propagating towards the Gifu-Ichinomiya line (c-e) appears to favor the observed records, because of the arrival of large amplitude waves emitted from the c-e segment in the synthetic seismogram (Fig. 9) which is recognized in the observed waveforms. However, since we use the seismograms at only one station, we have to be careful in that the way of fitting to the observation might not be unique.
Discussions
The magnitude estimated here seems to be significantly smaller than the previously estimated magnitudes from the JMA scale (Japan Meteorological Agency, 1957) and also from the distribution of seismic intensities (Muramatu, 1962) . This is not unreasonable, however, because the method of estimating the magnitude is entirely different. The previous estimates mainly depend on the distribution of damage, which might be amplified by the existence of the Nobi basin.
It is to be noted that the seismic moment estimated here is consistent with that inferred from a fault model (Mikumo and Ando, 1976 ) based on Matsuda's field survey (1974). Nakano et al. (2007) also obtained a similar seismic moment from the geodetic observations. In addition, the magnitude estimated here is consistent with the empirical relation proposed by Iida (1959) between magnitude and fault length.
It should also be noted that we used rather high frequency waves (∼3 s) to estimate the magnitude. Ideally, longer period seismic waves should be used for this purpose, which is independent of the detailed rupture process to measure the seismic moment. In the present case, however, since such long period information was not available, we assumed the rupture scenario to constrain the detailed rupture process. Then, seismic moment has been estimated from high frequency radiation. Although there are, of course, several possible scenarios for this earthquake, we assumed a simplest scenario that rupture propagates unilaterally with a constant rupture velocity and a uniform slip distribution. If more waveforms with broader frequencies were available at other stations, we would be able to place more constraints to the seismic moment.
Conclusions
We tried to evaluate the seismic moment of the 1891 great Nobi, Japan, earthquake from the historical seismogram recorded at the Central Meteorological Observatory (CMO) in Tokyo, which has been recently made available to us. To do this, we have calculated synthetic seismograms from point source and finite source models for a variety of fault parameters, by applying the discrete wave-number method for a horizontally-layered crustal structure. For the finite source models, we referred to the geometry of the four major fault segments revealed from Matsuda's field survey (1974) , incorporating the possible existence of a buried fault along the Gifu-Ichinomiya line. From comparison between the observed two horizontal component records and the synthetic seismograms for a constant rupture velocity of about 3.6 km/s and a uniform slip of 3.3 m, we estimated the seismic moment of this earthquake as M o = 1.8×10 20 N m corresponding to a moment magnitude of M w = 7.5. A comparison between the synthetics and the observed records appears to favor the existence of a buried fault along the GifuIchinomiya line, although this inference is not conclusive because of a single station used here.
